The sexually reproducing stick insects Bacillus rossius and B. grandii are sharply differentiated in terms of allozyme gene alleles; B. atticus is a polyclonal automictic parthenogen sister to B. grandii grandii . Although well differentiated for coding genes, these hybridize to produce diploid ( B. whitei = rossius/grandii ) or triploid ( B. lynceorum = rossius/grandii/atticus ) clonal forms which reproduce apomictically. Allozyme analyses of unisexual Bacillus clearly establish their relationships from bisexual ancestor species as does the existence in all of them of several clones (especially in B. atticus ) whose egg maturation allows regular recombination to occur. Bacillus taxa share the Bag320 satellite DNA family within different reproductive frameworks, allowing satellite variant homogenization to be uncoupled from fixation. The nested analysis of monomers reveals different patterns of sequence diversity: sexual reproduction includes both homogenization and variant fixation, whereas the slowing of molecular turnover processes and the absence of syngamy in the parthenogens realizes a similar range of sequence diversity at the level of the individual and supra-individual, but with no fixation. On the other hand, the actual values of sequence diversity appear mostly linked to species traits -range size, copy number of repeats, number of hybrid crosses -and possibly transposon activity, rather than to the reproductive mode. In addition, the mitochondrial genome reveals a comparable level of cox2 sequence variability in sexual and parthenogenetic taxa, thus adding to clonal variability. From Bacillus and other stick insect complexes, an overall picture of genomic diversification of parthenogens is therefore beginning to emerge. To define those animals that reproduce by non-canonical sexual modes (i.e. parthenogenesis, hybridogenesis), but make use of egg and meiotic mechanisms, the term meta-sexual is proposed.
INTRODUCTION
The predominant way animals reproduce is by sexual reproduction, although several alternative modes also occur. Some of these clearly derive from the sexual mode and animals exploiting non-canonical reproductive mechanisms (i.e. altering some aspects of bisexual reproduction, for example gynogenesis, parthenogenesis and hybridogenesis) are widespread. Suomalainen, Saura & Lokki (1987) provide an extensive list (and analysis) of parthenogenetic invertebrates, whilst Dawley & Bogart (1989) give similar attention to unisexual vertebrates. Being the most specious group, insects are well represented among animals utilizing alternative modes of reproduction. Here we present a summary of what is known on these issues in relation to stick insects.
S TICK INSECTS AND B ACILLUS TAXA
Phasmatodea is an orthopteroid insect order which includes about three thousand species. Of these, scattered patchily among the different families, around 10% reproduce by facultative (obligate) parthenogenesis, which is generally thelytokous (i.e. producing all-female offspring). Its widespread occurrence has raised questions about the linkage between sexual and asexual lineages, in particular in relation to the egg-cell traits and cytological mechanisms supporting parthenogenetic diffusion, to the persistence (adaptive value) of unisexuals and, as a related but central issue, to their genetic variability. We addressed these questions mainly with respect to the holo-Mediterranean genus Bacillus Latreille (Fig. 1) .
The genus comprises the following: (1) the bisexual B. grandii Nascetti & Bullini (2 n = 33/34, XO-XX), endemic to tiny areas in Sicily and formally split into three subspecies; (2) the western Mediterranean facultative parthenogen, B. rossius (Rossi) 2 n = 35/36, XO-XX, with two Italian races; (3) the eastern Mediterranean B. atticus Brunner -at present an all-female obligate parthenogen -forming a complex of three different karyological (2 n = 32; 2 n = 34; 3 n = 48-51) and allozyme races. These species are the ancestors of the Sicilian thelytokous hybrids: B. whitei ( = rossius/grandii ) Nascetti & Bullini, and B. lynceorum ( = rossius/grandii/ atticus ) Bullini, Nascetti & Bianchi Bullini (Fig. 2) . In Sicily, B. grandii and B. rossius have also hybridized to produce two different hybridogenetic strains ( sensu Schultz, 1961) , which pass on to their progeny an invariant maternal rossius haploset, while renewing the paternal genome each generation (hemiclonal reproduction) . Mitochondrial DNA analysis has shown that unisexual Bacillus arose through asymmetrical hybridization events, with only one cross direction of the two possible being realized in nature, B. rossius always being the maternal parent. As with most extant hybrid vertebrates (Avise, Quattro & Vrijenhoek, 1992) , Bacillus hybrids derive from a subset of the matriarchal genealogy of the sexual parent; however, from the available data, it is not possible to assess whether B. whitei and B. lynceorum both derived from a unique hybridization event Mantovani, Passamonti & Scali, 2001) .
On the whole, Bacillus taxa constitute an example of reticulate evolution (i.e. they experience an array of reproductive interactions realizing a complex net of phyletic relationships) and provide a good experimental system to analyse the multifaceted links among sexual and derived clonal taxa.
DISCUSSION C YTOLOGY OF B ACILLUS REPRODUCTION
Generally speaking, in the meiocytes of both sexes, the centrosome partially disassembles: in oocytes the centrosome loses the centrioles and its ability to replicate, Mantovani et al. (1999). but retains the pericentriolar material dispersed throughout the cytoplasm. Conversely, during spermatogenesis, the centrosome is stripped of the pericentriolar material but retains the centriole(s). At fertilization, the two components interact to reassemble a full centrosome (i.e. a micro-tubule organizing centre [MTOC] ) around the sperm centriole so that a spermaster is formed; this acquires the ability to replicate and therefore plays a key role in early embryo development by building a functional bipolar spindle (reviewed by Schatten, 1980 Schatten, , 1994 Tassin & Bornens, 1999) . However, the relative contribution of each gamete to the zygote centrosome is not invariable, both within sexual and parthenogenetic reproducing species (see Riparbelli et al. , 1998; Callaini, Riparbelli & Dallai, 1999; Tram & Sullivan, 2000) .
In stick insects, including Bacillus , some cell gamete traits linking sexual reproduction to parthenogenesis have been discovered: centrosome dynamics and inheritance in both sexual and parthenogenetic taxa is non-standard when compared with the majority of known animal reproductive systems. In sexually reproducing species of stick insects, the spermatozoon does not appear to contribute the centriole to the fertilized egg; this means that during spermiogenesis, a complete elimination of the male centrosome occurs. In inseminated eggs, no spermaster is formed: an anastral bipolar zygotic spindle is formed from the fusion of a tangle of newly nucleated microtubules (MTs) around both pronuclei (Marescalchi, Zauli & Scali, 2002) .
In parthenogenetic eggs, the only source of MTs appears the to be maternal pronucleus, which alone provides a MTOC and the ensuing embryonic anastral spindle; this is then able to organize the embryonic mitoses as efficiently as the spindle of the fertilized eggs. In fact, in Bacillus, sexual and parthenogenetic development seems to exploit the ability of chromosome-associated material to nucleate and stabilize spindle MTs (Marescalchi et al., 2002) . In summary, the ability of the egg pro-nucleus to fully organize a functional spindle appears to be a major trait accounting for the widespread occurrence of facultative or obligate parthenogenesis in stick insects, since they appear to be preadapted to a disposable sperm contribution to zygote centrosomes. Obviously all parthenogens, including vertebrates, are able to build up their MTOC from egg components alone, but as far as we know, in their sexual relatives, sperm appear to contribute normally to zygote spindle formation (Krioutchkova & Onishchenko, 1999 and references therein; Tram & Sullivan, 2000) .
The Mendelian inheritance of genetic variability is based on the standard meiotic mechanism, involving recombination and chromosome assortment: any departure from the standard meiotic features will of necessity have a bearing on genetic structure, at the level of both the individual and population. Generally speaking, the most divergent condition is realized during apomictic parthenogenesis, when meiosis and fertilization are abolished, so that genetically-invariant eggs and progeny are produced. However, several intermediate mechanisms are known in a variety of animals, all of which allow egg development and embryo production through meiotic and/or fertilization alterations; the common by-product of such reproductive modes is a reduction (or very limited level) of genetic variability in the offspring. The two hybridogenetic strains of Bacillus stick insects may be viewed as organisms that produce progeny by skipping the meiotic constraints of heterospecific chromosome pairing, yet paying the price of halving the source of their genetic variability. In other words, the simultaneous elimination of the paternal chromosome haploset ( grandii ) from the hybrid female germ line and the doubling of the maternal one ( rossius ) leads to a chromosomally balanced meiosis in the egg; however, the paired chromosomes are sisters in fact, and no additional genetic variability can be produced by their recombination or assortment. Only the genetic variability derived from the fertilizing spermatozoon of the fathering species contributes each generation to progeny diversification. Hybridogens are therefore hemiclonal in structure (Fig. 3) . Moreover, allozyme analysis of the maternal component failed to reveal any variability, so that the rossius hemi-clone is always the same in all hybridogenetic populations; this finding is also supported by the genetic homozygosity observed in present day syntopic or geographically close, all-female B. rossius populations (Mantovani & Scali, 1990 Mantovani, Scali & Tinti, 1991; Tinti & Scali, 1993 . Interestingly, hybridogenetic females can escape hybridity and recover a full genetic diversification of the fathering species in their progeny if their eggs undergo androgenetic reproduction. In the physiologically polyspermic eggs, the maternal rossius genome may not perform syngamy with a fathering grandii spermatozoon, but degenerate; it may then happen that two male pronuclei fuse instead, thus producing a B. grandii progeny of both sexes. These are no longer hemiclonal hybrids but sexually reproducing specimens of B. grandii (Fig. 3) . Their androgenetic derivation is clear, however, since they possess a heterologous mitochondrial genome of the rossius maternal ancestor together with grandii nuclear genes Tinti & Scali, 1993 Mantovani et al. , 2001) .
The egg maturation of the facultative parthenogen B. rossius is realized through a normal meiosis, but its embryonic development is rather unusual: a haploid blastula starts forming and after the production of thousands of cells, diploidization occurs in some of them by means of an anaphase restitution ( Fig. 4 ; zygoid of Suomalainen, Saura & Locki, 1987) . This automictic mechanism can be viewed as a gamete multiplication which, after diploidization, generates a female offspring homozygous at all loci in one generation (Pijnacker, 1968; Scali, 1968 Scali, , 1969 . If mated, these females will again produce both sons and daughters. Shifts from sexual to all-female populations must have occurred many times within the different ranges of species (Gasperi, Malacrida & Scali, 1983; Tinti, 1993) and have even been directly witnessed twice (see Scali, 1996) . When such a shift occurs, mothers that are heterozygous at some loci will segregate to form different allele combinations in different eggs and thus produce polyclonal, homozygous offspring; if parthenogenetic reproduction is maintained from then onwards, these clones will become fixed genetically at the loci in question (Fig. 4) .
In addition, the thelytokous obligate parthenogen B. atticus realizes an automictic maturation mechanism of a quite different kind. In diploid females, after an apparently regular first meiotic division with formation of bivalents and segregation of homologs, both nuclei soon assume a prophasic appearance and fuse to restore a diploid egg nucleus (Fig. 5 ). This immediately goes through a second division leading to a degenerating polocyte and a quickly dividing, unreduced nucleus from which the parthenogenetic embryo develops (Marescalchi, Pijnacker & Scali, 1993) . The maturation mechanism of triploid females keeps the same basic pattern as the diploid ones, the difference being the occurrence of some asynaptic chromosomes which lowers recombination, the formation of heterologous or multivalent chromosome associations, and the unbalanced segregation of chromosomes at anaphase. At any rate, the end result is formation of an unreduced zygoid nucleus (Marescalchi & Scali, in press ). This gametogenetic process can account for both the clonal maintenance of chromosomal rearrangements and the transmission of fixed heterozygosities at some loci, but also allows the production of homozygous genotypes from the heterozygous ones during the second division, if an appropriate cross-over has occurred during the first (Fig. 5 ). This is in full agreement with the complicated pattern of population genetic variability of B. atticus, as illustrated below.
B. whitei and B. lynceorum share the same apomictic parthenogenetic mechanism characterized by an extra-doubling of DNA, occurring during prophase I. Chromosomes appear to pair briefly and then part again, so that the somatic number is found when the DNA extra-doubling takes place to produce tetrachromatidic chromosomes. Two divisions follow and an unreduced pronucleus plus three polar bodies are produced (Fig. 6 ). This mechanism follows the meiotic pathway of maturation, but, after the extra-doubling of the somatic number of chromosomes, the process allows the invariant transmission of mostly fixed heterozygosities of the mother to the thelytokous progeny. In both apomicts, at the population level, a few clones can, however, be recognized, so that the species can be described as a collection of a few clones.
VARIABILITY AND PHYLETIC RELATIONSHIPS SUPPORTED BY ALLOZYME AND MITOCHONDRIAL COX2
GENE ANALYSIS Allozyme analysis reveals a high genetic variability in B. grandii and north African B. rossius; Euro- pean populations of the latter have a lower diversification owing to the patchy spreading of facultative parthenogenesis, which brings about fixation of the genetic variability within each specimen, whilst forming different homozygous clones from the segregating maternal heterozygous loci at the population level. The intermingling of bisexual and unisexual populations with their shifting modes of reproduction has certainly contributed to the general pattern of low genetic diversification in European B. rossius. The now obligate parthenogen B. atticus also has a rather low genetic variability; however, it shows a complex genetic structure in view of its likely interracial hybrid origin and the occurrence of triploids with a few heterozygous loci, which tend to remain fixed in some populations more than in others.
The species hybrids B. whitei and B. lynceorum fully reflect the genetic structure of their two and three ancestor species, respectively, with very many fixed heterozygous loci (about 70%) owing to the great differentiation of B. rossius on one side and B. grandii/ B. atticus on the other. Actually, phylogenetic trees among the ancestors of these hybrid, obligate parthenogens, based on Nei's (1978) genetic distance (D) values, support such a sharp differentiation (Fig. 7) .
In turn, analysis on the mitochondrial cox2 gene reinforces conclusions shown from allozyme differences and provides evidence that the B. grandii grandii subspecies is sister to B. atticus and also, that B. atticus and B. grandii derive from a common ancestral taxon to B. rossius (Fig. 8) . The matrilinear inheritance of the mitochondrial genome also indicates that both hybridogenetic and parthenogenetic hybrids all have the same maternal ancestor (B. rossius) and that hybridization events occurred much later than ancestral splitting (i.e. 1.06 ± 0.53 against 22.79 ± 2.65) (Mantovani et al., 2001) .
CLONAL STRUCTURE OF NON-MENDELIAN BACILLUS
Allozyme analysis of the apomictic parthenogen B. whitei reveals the presence of six clones from the analysis of 12 populations at 14 enzyme loci (Table 1) . The most frequent clone (clone 1) exactly corresponds to the sum of extant Sicilian B. rossius and B. grandii grandii alleles. The others are always found in females syntopic with clone 1 and differ at a single allele (clones 2, 4, 5, 6) or at two alleles (clone 3), either owing to the presence of parentally unknown alleles or to a homozygous condition which excludes the grandii or rossius allele. A similar analysis on 13 populations of B. lynceorum at 15 enzyme loci produced 15 different clones, the most frequent being 5 and 7 (Table 1) (Mantovani Scali & Tinti, 1992) . It is of interest to note that populations at the core of the hybridization area are polyclonal (up to seven clones in the Noto area), whereas the peripheral ones are monoclonal. At each locus, B. lynceorum clones very often correspond to the sum of extant Sicilian B. rossius, B. grandii grandii and B. atticus atticus alleles, only one clone showing a single new allele at the Mdh-1 locus. The trihybrid structure of B. lynceorum is not always realized though, since at the G6pdh locus of clone 14, three rossius alleles are found; on the other hand, no rossius allele is present at the same locus of clone 3 and at the Mdh-2 locus of clones 9 and 10. This kind of clonal variation appears to be related to the occurrence of a limited, but also cytologically demonstrable, crossing over event during the early first prophase, just before the DNA extradoubling stage of both B. whitei and B. lynceorum .
Among 158 diploid and 145 triploid B. atticus females (24 populations), 52 and 44 clones, respec- tively, have been detected upon the analysis of 17 enzyme loci (Mantovani & Scali, 1993; . Since the automictic parthenogenetic mechanism of B. atticus allows some recombination and clones may not be strictly maintained as such, the actual allelic combinations are referred to as 'zymotypes'. The number of zymotypes per population ranged from one to ten (highest number: eight in diploids and ten in triploids), apparently without there being a strict relationship to sample size (Table 1) . A feature linked to crossover frequency and location is that in both diploid and triploid populations, fixed and non-fixed heterozygosities exist: Epidavros (2n) and Samos (3n) (both Greek) show no fixed heterozygosity, whereas the Cres, Zadar, Dagy Otok (2n) (Croatian), and Parga (3n) (Greek) populations show fixation at all heterozygous loci. All other populations show an intermediate condition (Table 2) . Furthermore, if for the sake of analysis, these all-female populations are treated as sexual, then it is seen that the Cypriot and Croatian populations among diploids and the Parga (Greek), Samos (Greek), Bodrum (Turkish) populations among triploids show a significant excess of heterozygotes. This complex genetic structuring may be interpreted by taking into account a different frequency of crossing over at some loci owing to their chromosomal location and an impaired synapsis in triploids. A sample of 48 clones (27 diploid and 21 triploid) were analysed in more detail (Table 3) : in diploids, two zymotypes are widely represented (number 3 in seven Adriatic samples and number 21 in six Sar- dinian samples); in triploids, the different zymotypes are more evenly distributed among populations. Furthermore, genotype differences per zymotype reach maximum values of eight and five in diploids and triploids, respectively, whereas the allelic differences amount to four in diploid and as much as 13 in triploid zymotypes.
DISTRIBUTION AND VARIABILITY OF THE BAG320
SATELLITE REPEATS Satellite DNAs consist of families of tandemly repeated sequence units, mainly located at the chromosome centromere. They can be isolated through genomic DNA restriction analysis, so that a multimeric ladder is evidenced in ethidium bromide stained gels. Monomers are then cloned and sequenced. SatDNA variability is known to follow a pattern of concerted evolution: this process takes place through the homogenization of new sequence variants within the genome by means of molecular turnover processes (i.e. gene conversion, unequal crossing over, slippage replication, etc.). Variant fixation in the population is then achieved through bisexual reproduction (Dover, 1982 (Dover, , 1986 . SatDNA is generally thought to have an ill-defined role and a neutralist viewpoint tends to prevail; however, it is increasingly recognized as being involved in many processes and/or functions such as centromere structure and dynamics, karyotypic evolution and sex/tissue specific transcripts (Tautz, 1993; Elder & Turner, 1995; Renault et al., 1999; Henikoff, Ahmad & Malik, 2001; Schueler et al., 2001; Slamovits et al., 2001) . Bacillus taxa share the same satellite DNA family Bag320; therefore they allow analysis of sequence variability in both parental and hybrid taxa. At present, no specific role is attributable to Bacillus satDNA; at any rate, the Bag320 family clearly allows uncoupling of homogenization of satellite variants, which is the result of genomic turnover mechanisms related to molecular features in parthenogens, from the fixation of some sequences linked to sexual reproduction operations (Mantovani et al., 1997) . Ongoing research on the Bag320 satellite repeats (Luchetti et al., in press ) is revealing a marked heterogeneity of repeats with different trends and levels in parthenogens and the sexual B. grandii. Unisexuals have been characterized electrophoretically (allozymes) as well as mitochondrially (cox2 gene), so that Bag320 variability could be compared among clones: 906 Bag320 sequences were considered in total and analysed statistically. Owing to their very low copy number, rossius Bag320 monomers were only obtained from polymerase chain reaction (PCR) amplification products from specimens of B. rossius, but were never recovered from its hybrids through cloning; therefore rossius monomers were not directly analysed (Luchetti et al., in press ). 
Concerted evolution in clonal parthenogens versus sexual species
In B. atticus, such analyses showed a high overall observed p-distance (pD = 0.146 ± 0.007); no significant differences at any comparison level within the species were found, thereby indicating that the range of variability for sequences of each single female equals that scored among sequences of females of the same population or different populations or different subspecies (Table 4 ). The same trend of monomer variability was observed in the apomictic hybrids: thus in B. whitei and B. lynceorum, even considering the clonal structure according to allozyme or mtDNA genotype, statistical analysis of sequences gave nonsignificant values, both within and among compared samples of the same species. The pattern of the smeared intraspecific variability evidenced in unisexuals is completely at variance with that found in the three sexual subspecies of B. grandii, which show highly significant values of intraspecific differentiation (P < 0.001). This, according to Dover's assumptions, can be achieved if both homogenization and fixation are at work to produce a higher homogeneity within the same gene-pool than between different ones, as is clear from subspecific comparisons (Table 4) . On the contrary, unisexuals show the same values of variability at all levels, independent of the kind of parthenogenetic mechanism (automictic or apomictic) or unisexual structure (hybrid or non-hybrid). The distinction is even clearer if one considers that B. grandii grandii, the sister group of B. atticus ( Fig. 8 ; Mantovani et al., 2001) , has a pD = 0.073 ± 0.005. Owing to the above-mentioned relationships, it can be readily understood why B. whitei, which derived its sequences from B. grandii grandii, shows a similarly low value (0.071 ± 0.005); likewise, B. lynceorum has a somewhat intermediate value of sequence diversity (0.129 ± 0.008), since this hybrid parthenogen embodies both B. grandii grandii and B. atticus monomers. When the two kinds of monomers of hybrids were related to the pertinent ancestor species, non-significantly different values were observed (Luchetti et al., in press ). It therefore seems that the sequence variability pattern is related mainly to the reproductive mode, whereas its absolute value is rather dependent upon species history (antiquity, possible derivation from a limited subset of ancestor sequences) and range size. As further support for this view, we would like to mention that preliminary data on the Bag320 satellite family of B. rossius -the facultatively parthenogenetic wide-ranging species over the western Mediterranean basin -indicates significantly higher variability than that of B. grandii, strictly bisexual but with a very narrow range.
Gene conversion events
The occurrence of a similar array of sequence variability observed in B. atticus above the individual level has been explained as being due to the inefficient variant fixation process in the absence of standard fertilization. In addition, the absence of sequence homogenization within individuals could be linked to a slowing effect that the parthenogenetic mode of reproduction induces in molecular turnover mechanisms. Similar considerations could be applied to the variability pattern of sequence observed in B. whitei, although this hybrid appears to have had a much shorter time to evolve sequence homogenization. However, in the equally old B. lynceorum, in which two monomer types co-occur (i.e. grandii and atticus), a few sequences show converted DNA stretches (Mantovani, 1998) . This is further evidence that in unisexual apomicts too, genome turnover mechanisms, even if slowed down, can operate so that all parthenogenetic Bacillus species display a concerted pattern of evolution. The existence of homogenizing mechanisms in parthenogens agrees with data obtained from a different kind of repetitive DNA (ribosomal DNA repeats) of Daphnia (Crease & Lynch, 1991) and Heteronotia lizards (Hillis et al., 1991; Moritz, 1993) . Obligate parthenogenetic Daphnia appear to possess, on average, many fewer rDNA repeat types when compared to bisexual and heterogonic strains: from these observations it may be concluded that in clonal organisms, molecular drive should be considerably quicker in homogenizing repetitive DNA sequences. In addition, in parthenogenetic Heteronotia lizards of hybrid origin, concerted evolution of rDNA appears to be driven by directional rather than stochastic mechanisms within and among chromosomes: these data support the idea that, even in parthenogens, mutations may spread rapidly through the genome, i.e. through molecular drive. On the whole, homogenizing mechanisms appear to operate in parthenogens, but their rate may differ sharply in different organisms and repetitive DNA families. . This has also repeatedly occurred in several other parthenogenetic/ gynogenetic complexes to produce higher rank polyploids (see Dawley & Bogart, 1989; Bullini & Nascetti, 1990; Turgeon & Hebert, 1994; Scali et al., 1995, and references therein) . The observation that genome incorporation occurrs in very different animal groups, such as crustaceans, insects and vertebrates, argues in favour of reproductive interactions of unisexuals and related bisexuals and indicates an additional aspect of their links. With respect to the genomes of unisexuals, satDNA represents a considerable source of variability, although its evolutionary and adaptive significance is still to be completely elucidated. At any rate, satellites are important analytical tools with which to dissect the molecular evolution of the same sequences in related animals with different reproductive modes. Hence, the different trends of variability observed in the bisexual B. grandii on the one hand, and the unisexuals on the other, can be related to the different reproductive modes and appear to support Dover's assumption that sexuality acts as a driving force in the fixation of repeated sequences to generate withinpopulation cohesiveness and among-population discontinuity (Dover, 1982 (Dover, , 1986 ). Yet, if amphimixis is lacking, only turnover mechanisms will operate and no variant fixation can then be achieved. In considering satDNA variability of both sexual and parthenogenetic taxa, purely molecular traits should also be considered. Since copy number has a bearing on homogenization rates (Nijman & Lenstra, 2001 ), the B. grandii pattern of high homogeneity within subspecies could be linked also to the high copy number of Bag320 monomers (about 15% of the genome); since B. atticus has a decidedly lower copy number (2-5% of the genome, Mantovani et al., 1997) , its homogenization could be less effective, thus increasing the slowing effect of parthenogenetic reproduction. A similar molecular background could be recognized in B. whitei which, due to its derivation and hybrid structure, has inherited a subset of B. grandii grandii monomers. In B. whitei, the parthenogenetic mode of reproduction plus the hemizygous condition of the grandii grandiilike monomers -which actually halves the grandii copy number of repeats -could contribute to the homogeneous values of sequence diversity observed at all comparison levels, as it is also found in B. atticus.
In B. lynceorum, the half-copy numbers of both atticus and grandii monomers are brought together; notwithstanding its apomictic reproduction and the same duration as B. whitei, intrafemale conversion events between the two kinds of sequences have been shown. This dynamic may also reflect a general trend in stabilization of allo-diploid genomes (Hillis et al., 1991; Belyayev et al., 2000) . Furthermore in parthenogens, the number and activity of transposable elements and concerted evolution of DNA repeats appear related (Thompson-Stewart, Karpen & Spradling, 1994; Miller et al., 2000; Suellender & Crease, 2001) . A lower number and/or activity of transposons in parthenogenetic animals could lead to lower homogenization rates; only targeted analyses will throw some light on the actual role of transposable elements in Bacillus taxa, where NOR (nucleolar organizer region) transposition and chromosome breakages have been commonly observed (Manaresi, Marescalchi & Scali, 1991 , 1993 Marescalchi & Scali, 1997) . Therefore, stick insect parthenogens are far from being genetically uniform, thus supporting Moritz's ideas on the genetic flexibility of parthenogens (Moritz, 1993) . We would also point out that too often, parthenogens are defined as invariant before an accurate analysis of their genetic variability has been performed.
Similarly, the mitochondrial genome appears to add to genetic diversification of unisexual organisms. To begin with, its high rate of mutation together with the matrilinear inheritance adds to species plasticity, from single specimens to populations. In hemiclonal stick insects, a further way to individual variability is possible when at each generation, the maternal hemi-clone is confronted with new allelic combinations of the fathering male. But the most relevant contribution of the mitochondrial genome to genetic variability occurs in androgens, where rossius mitochondria are brought together with grandii nuclear genes. It is well known that the co-occurrence of heterospecific mitochondrial and nuclear genomes provides an unusual opportunity for the study of genome evolution. In yeasts, it has been shown that an ongoing transfer of mtDNA fragments to the nucleus occurs at the rate of spontaneous mutation or higher, depending on the fragment size (Thorsness & Weber, 1996) . If the same occurs in androgenetic B. grandii, this would realize an unexpected feed-back source of genetic variability, a link between unisexuals and the sexual fathering species.
The level of analysis we have performed on stick insects has convinced us of the existence of a graded divergence of thelytokous taxa from the standard sexual condition. A major point is that a lower but real genetic diversification is maintained from hybridogens, through mictic parthenogens, to apomicts, by exploiting several cytological mechanisms. At their core however, it is clear that a meiotic programme, although modified, is maintained during egg maturation: even in apomictic stick insects, a low but effective recombination appears to occur. Furthermore, in parthenogenetic, pseudogamous, hybridogenetic and androgenetic organisms, a germ cell line differentiates to produce and store genetic information for embryonic development in the same way as found in the oocytes of sexually reproducing organisms. In parthenogenetic stick insects, the centrosome inheritance also does not appear to differ from that realized when fertilization occurs. The most obvious case of coincidence of a bisexual and a parthenogenetic egg is that seen in the facultative parthenogenesis of B. rossius (and additional stick insect species), where the very same egg can be either fertilized or can develop parthenogenetically in the absence of sperm (Scali, 1968) ; in addition, the production of degenerating nuclei (polocytes), a constant feature of egg maturation, clearly belong to a meiotic programme. Therefore to consider such all-female organisms as 'asexual' is too inaccurate a description, since it would include them with organisms which reproduce without germ cells. Such a definition would also seem somewhat reductive since it tends to associate sexuality as a whole with meiotic recombination. Therefore, we suggest the term meta-sexual for the non-Mendelian reproducing organisms -which however, make use of egg cells and very often still benefit from some recombination -and meta-sexuality for their mode of reproduction. These definitions would account for the whole array of the aforementioned reproductive modes derived from sexual animals and would apply to a wide number of animal forms. As a by-product, the new terminology differentiates them from those organisms that make use of only mitotic programming in their reproduction; for these alone, the term asexual would seem more appropriate.
